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TECHNICAL MEMORANDUM

DOUBLE-PLATE PENETRATION EQUATIONS

1. INTRODUCTION

The potential threat from meteoroid and orbital debris particles impacting on pressurized space-
craft prompted a study of penetration predictor equations. Since the 1960’s, many equations have been
developed to predict the penetration of spacecraft structures by meteoroid particles. The recent rapid
growth in the orbital debris environment emphasizes the need for further development of ballistic limit
equations, for both single- and double-plate structures. I Because both meteoroids and orbital debris
particles travel at hypervelocities, similar shielding is appropriate for both. The penetration predictor
equations developed for meteoroids apply as well to orbital debris particles. In 1991, Hayashida and
Robinson discussed the accuracy and effectiveness of five single-plate penetration predictor equations. 2
This paper is a continuation of that study, comparing the seven commonly used double- -plate penetration
predictor equations for their accuracy and effectiveness in the development of shield designs to protect
spacecraft from the hazards of meteoroids and orbital debris.

In 1947, Fred Whipple was the first to propose placing a thin metal plate outboard of the spdce-
craft wall to improve the protection capability of the spacecraft from meteoroid particle impacts.?
Hence, this double-plate structure is called the “Whipple shield.” In this study, the thin metal plate is
called the “bumper” plate, and the second plate, often the spacecraft structure itself. is called the
“rear-wall” plate.

Each double-plate penetration predictor equation included in this study was developed with a
unique set of test parameters. Actual conditions under which a spacecraft is required to survive may or
may not be within the parameter range for an equation. Therefore, extreme care must be taken when
using any penetration predictor equation since each is valid only for a specific set of parameters. After
some study of test parameters, it becomes obvious that the majority of expected projectile velocities
cannot be tested with current particle launcher technology. Theoretical predictions must be relied upon
for high-velocity occurrences until further advances can be made in hypervelocity impact testing
technology.

It is not the purpose of this paper to recommend any specific equation to use in analyzing a
spacecraft; rather, the paper is a brief synopsis of seven common penetration predictor equations and a
comparison of them. This provides a designer a better understanding of how a structure withstands
hypervelocity impacts of meteoroid or orbital debris particles. Hypervelocity impact tests should always
be included in the design and verification schedules for any spacecraft component which will be
exposed to the meteoroid and orbital debris environments for any length of time.



In addition to protecting the spacecraft, the designer should also consider the potentially hazard-
ous effects a damaged spacecraft can impose on other spacecraft in nearby or crossing orbits. Should a
spacecraft break up or become uncontrollable due to a hypervelocity particle impact, it may have dam-
aging effects on other spacecraft. A NASA Management Instruction, issued in April 1993, requires all
new NASA programs to conduct formal assessments on each new spacecraft to determine the potential
of generating new debris.* New debris is generated either through a slow breaking apart of a spacecraft
or through a catastrophic explosion due to either particle impact or heating of contained gases. This
debris would not only add to the debris environment but threaten other orbiting vehicles’ survivability.
NASA also issued a Safety Standard to guide designers through this assessment process.> Each compo-
nent of the spacecraft should be carefully evaluated for the potential for new debris generation. Each
spacecraft should have an acceptable reliability to indicate that neither a functional failure nor a failure
that would affect other spacecraft will occur. Additionally, a spacecraft carrying a crew should also have
an acceptable reliability for astronaut safety.



2. DOUBLE-PLATE PENETRATION EQUATIONS

In the 1960°s, many penetration predictor equations for single- and double-plate structures were
developed to predict meteoroid impact damage on spacecraft structures for the Apollo and other space
programs. These equations were applicable for the extremely high-velocity impacts expected from
interplanetary meteoroid sources.

There are three phases during a hypervelocity projectile impact onto a double-plate structure.
The three phases are ballistic, shatter, and melt/vaporization (see fig. 1). Each phase has distinct
characteristic effects on the impacting projectile, the bumper plate, and the rear-wall plate.
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Figure 1. Three phase changes in double-plate penetration functions.

The ballistic phase occurs in the low-velocity range. The projectile travels too slowly to create a
shock that could shatter the projectile upon impact. The intact projectile penetrates the bumper and
impacts the rear-wall plate with a velocity and direction very similar to that of the initial particle. In the
low-velocity range, double-plate structures react similarly to equivalent mass single-plate structures. The
spacing between the plates has very little effect.

The shatter phase occurs in the intermediate-velocity range. The projectile impact creates a shock
that begins to break the projectile apart at or around the impact point of the projectile. The shattered
projectile material penetrates the bumper plate to create an expanding debris cloud of projectile and
bumper plate materials. The expanding cloud dispurses the impact energy across an increasing area as it
travels further away from the bumper plate. The small particles in the cloud impact the rear-wall plate



with less energy per area, and is thereby less damaging than in the ballistic phase. In the intermediate-
velocity range the double-plate is a more effective structure than an equivalent single-plate. A double-
plate structure can stop the debris cloud created by a much larger projectile. In this velocity range the
spacing between the plates has a significant positive effect in stopping the debris cloud, due to its expan-
sion over a larger area of the rear-wall plate as spacing is increased. However, after the spacing becomes
large, the effect is no longer significant. This limit on spacing effectiveness must be determined by tests
and analyses for each shield design.

The final phase is the melt/vaporization phase which occurs in the high-velocity range. The
projectile and bumper plate material melt and vaporize upon projectile impact. As the projectile material
penetrates the bumper plate, it creates a debris cloud of molten and vaporized projectile and bumper
plate materials. As in the intermediate-velocity range, this combined debris dispurses across an increas-
ing area as it travels further away from the bumper plate. These many molten particles impact with the
rear-wall plate. The energy expended in melting and vaporization allows double-plate structures to stop
even larger projectiles traveling in the high-velocity range than in the intermediate-velocity range.
However, as the projectile impact velocity increases, the energy of the projectile eventually overcomes
the positive effects of the melting and vaporization of the projectile. The debris cloud created behind the
bumper plate exerts a pressure pulse on the rear-wall plate, eventually leading to a bulging and tearing
failure of the plate. In the high-velocity range, the double-plate is a more effective structure than an
equivalent single-plate. In this velocity range the spacing between the plates has a significant positive
effect in stopping the debris cloud, due to its expansion over a larger area of the rear-wall plate as
spacing is increased. However, as in the intermediate range, after the spacing becomes large the effect
is no longer significant. This limit on spacing effectiveness must be determined by tests and analyses
for each shield design, and will likely differ from the limit found from impacts occuring in the
intermediate-velocity range.

In sections 2.1 through 2.7, the seven double-plate penetration predictor equations will be
discussed for their effectiveness and accuracy: the Cour-Palais equation, the “modified” Cour-Palais
equation, the “new” Cour-Palais equation, the Nysmith equation, the Lundeberg-Stern-Bristow equation,
the Burch equation, and the Wilkinson equation. Each equation has its merits and best area of specific
application, based on its development parameters. None of the predictor equation developers published
quantitative correlations to the data used to develop the equations, but seemed to rely on graphical
comparison of the equations to data to show their accuracy.

The NASA Johnson Space Center (JSC) developed the first three penetration predictor equations;
i.e., the original, modified, and new Cour-Palais equations. The original Cour-Palais equation was
developed by using the test data generated during the Apollo program. The original Cour-Palais equation
evolved into the “modified” Cour-Palais equation as more test data became available. These two equa-
tions were developed to predict the penetration of the rear-wall plate due solely to meteoroid particle
impacts, and only considered the melt/vaporization phase of the projectiles. The expected impact veloci-
ties of meteoroid particles on a spacecraft are between 10 and 70 km/sec in low-Earth orbit (LEO) where
they are assumed to melt or vaporize upon impact with the bumper plate. Finally, the “new” Cour-Palais
equation evolved from the modified Cour-Palais equation in order to cover all three phase changes, to
include the effects of manmade orbital debris impacts at expected velocities between 2 and 15 km/sec
in LEO.



The NASA Ames Research Center (ARC) developed the fourth equation, the Nysmith equation;
and the NASA Lewis Research Center (LeRC) developed the fifth equation, the Lundeberg-Stern-
Bristow equation. These two equations were developed independently from the JSC efforts in the
1960’s. The Lundeberg-Stern-Bristow equation was developed for multiple-plate structures, thereby
including double-plate structures, but was only developed for normal projectile impacts.

The sixth equation, the Burch equation, was developed for the U.S. Air Force, based upon the
Lundeberg-Stern-Bristow equation to include penetration predictions of oblique impacts. The Burch
equation was also a multiple-plate structures penetration predictor equation.

The seventh and last equation, the Wilkinson equation, was a further development of an equation
developed by the NASA Langley Research Center (LaRC), the Madden equation, which used the
equations of linear plate theory to predict penetration of a double-plate structure.

In summary, most of the seven double-plate penetration equations were developed in the 1960’s
to predict the damage expected on double-plate structures from meteoroid particle impacts. The modi-
fied and new Cour-Palais equations, however, evolved from the original penetration predictor equation
to include the orbital debris particle impact parameters as more test data became available. With any of
these equations, the designer can predict the smallest projectile size which will completely penetrate the
rear-wall plate for a given impact angle and velocity, and double-plate structure design. Projectiles larger
than this predicted size (at the same impact velocity and angle) are expected to completely penetrate the
rear-wall plate; smaller ones are not expected to penetrate the rear-wall plate. The following subsections
will discuss each of these penetration predictor equations in detail.

2.1 Original Cour-Palais Equation

Burton G. Cour-Palais developed what is known as the “original” Cour-Palais equation with test
data generated during the Apollo program and extrapolating the test data to the meteoroid particle
impact conditions.57 This equation is also called the “nonoptimum™ Cour-Palais equation, since the
condition of the rear-wall plate is governed by the solid fragments in the projectile and the bumper
debris. The “optimum” condition occurs when the shield and projectile impact parameters are such that
the projectile and the bumper debris are either completely melted or vaporized. The tests were performed at
the Manned Spacecraft Center (currently JSC) hypervelocity impact (HVI) test facility. Cour-Palais’ test
results contained velocities ranging from 0.5 to 8.5 km/sec, with various aluminum alloy targets and
with glass and aluminum (Al) alloy projectiles.

1 7 0.5
6 L } 70 o Iy
e = 0.055(p,p;)° m,3 SO’_'S(F) valid for £->0.1

where

d = projectile diameter (cm)
t,, = bumper thickness (cm)
t, = rear-wall thickness (cm)

Py = projectile density (gm/cm?)



p), = bumper density (gm/cm?)

m, = projectile mass (gm)

6 = impact angle measured from surface normal (deg)

V= projectile velocity (km/sec)

V, =normal component of projectile velocity (km/sec) = Vcos@
S = spacing between bumper and rear-wall (cm)

o =rear-wall yield stress (ksi).

Units for all the terms are metric, with one exception: the term for the rear-wall yield stress uses
English units. It becomes unitless in the equation since a fixed value of 70 ksi is assigned as a typical
value for the yield stress of aluminum alloys.

Based upon experimental evidence, Cour-Palais suggested that increasing the spacing between
the bumper and rear-wall becomes ineffective after the spacing reaches a value of 25 to 30 times the
particle size.

2.2 Modified Cour-Palais Equation

Cour-Palais later modified the “original” or “nonoptimum” Cour-Palais equation using additional
HVI test results from JSC, Marshall Space Flight Center (MSFC), and other test facilities.82 The test
parameters included velocities ranging from 6.5 to 7.5 km/sec, aluminum alloy targets with densities
varying from 2.7 to 2.8 gm/cm3, nylon, glass, and aluminum projectiles with densities varying from
1.14 to 2.8 gm/cm?, and projectile diameters ranging from 0.04 cm (0.016 in.) to 1.9 cm (0.748 in.). A
function of the projectile diameter, Cd 9 (where C = 0.16 cm?2 —sec/ gm2/3 _km). replaces a constant
from the “original” equation, 0.055. In addition, different conditions are recommended to validate use of
the two equations. The validation condition for the “original” equation is that the ratio of bumper thick-
ness to projectile diameter; i.e., t,/d, must be 0.1 or greater. However, the conditions for the modified
equation are that the normal component of the projectile velocity must be 6.5 km/sec or greater, and the
ratio of the spacing between the bumper and the rear-wall to the projectile diameter must be 15 or greater.

1 0.5
5 1LV, (70 . \)
fy = CdO-S(p,,Pb) mp,3 S—()”?(F) valid for V, > 6.5 km/sec and i 215

where

C = coefficient = 0.16 cm?~sec/gm?? — km

d = projectile diameter (cm)

1, = rear-wall thickness (cm)

p, = projectile density (gm/cm?)

p, = bumper density (gm/cm?)

m, = projectile mass (gm)

6 = impact angle measured from surface normal (deg)



V = projectile velocity (km/sec)
V,, =normal component of projectile velocity (km/sec) = Vcos@
S = spacing between bumper and rear-wall (cm)

o =rear-wall yield stress (ksi).

Just as for the “original” equation, units used for all the terms in the modified Cour-Palais
equation are metric, with one exception. Again, the term for the rear-wall yield stress uses English units.

2.3 New Cour-Palais Equation

The following equation is the latest double-plate predictor equation published by JSC, and is
called the “new” Cour-Palais equation. It is based on the “modified” Cour-Palais equation, and includes
the results from additional aluminum alloy projectile and target HVI test results.'%:1! This equation is
sometimes called the “Christiansen’ equation since it was developed by Eric Christiansen at JSC:

1

0.5 5 2\ |
d = wa(%) +th)/(0.6(c039)3 pg-5\/§ )jl valid for V, < 3 km/sec
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0.5 19
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2 1 _1
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where

d = projectile diameter (cm)
ty, = bumper thickness (cm)
t, = rear-wall thickness (cm)

Py = projectile density (gm/cm?)



p;, = bumper density (gm/cm?)
6 = impact angle measured from surface normal (deg)
V= projectile velocity (km/sec)

V= normal component of projectile velocity (km/sec) = Vcos@

§ = spacing between bumper and rear-wall (cm)
o =rear-wall yield stress (ksi).

The new Cour-Palais equation is the only equation in this paper which covers all three phase
changes; i.e., ballistic, shatter, and melt/vaporization, of both meteoroid and orbital debris particle
impacts. The equation can be applied to the low-end orbital debris impact velocities of 2 km/sec, all
the way up to the higher 72 km/sec meteoroid impact velocities. The equations assume the ballistic
phase occurs at or below 3 km/sec; the shatter phase between 3 and 7 km/sec; and the melt/vaporization
phase at or above 7 km/sec. The new Cour-Palais equation is also the only equation formulated to
directly determine the ballistic limit projectile size; all other equations are formulated to directly calcu-
late minimum wall thickness or number of walls required to stop a given set of impacting particle
parameters. This makes the new Cour-Palais equation an analysis-oriented equation rather than a
design-oriented equation, a very convenient format since most M/OD work is analysis based.

2.4 Nysmith Equation

C. Robert Nysmith developed the following equation in 1969 with test data from the
Hypervelocity Ballistic Range test facility at ARC.!2:13 Nysmith and Cour-Palais developed their pen-
etration predictor equations independently. However, both equations were developed to predict the
effects of a meteoroid particle impacting a double-plate structure. Nysmith’s tests contained Pyrex®
glass spherical projectiles with a density of 2.23 gm/cm? to simulate the brittle meteoroid particles. The
projectile size of 3.18 mm (0.125 in.) in diameter was fixed in the test series, while the target parameters
were varied to gain sufficient impact data to develop the equation. Other test parameters in this series of
tests included velocities up to 8.8 km/sec (29,000 ft/sec); 2024-T3 aluminum alloy for both the bumper
and rear-wall; bumper thicknesses between 0.81 mm (0.032 in.) and 1.24 mm (0.049 in.): rear-wall
thicknesses between 1.63 mm (0.064 in.) and 3.18 mm (0.125 in.); and spacing (between the bumper and
rear-wall) between 17.5 mm (0.69 in.) and 42.9 mm (1.69 in.). Only data from projectile impacts normal
to the target were used to develop the equation.

5. 0.278
Lo SOV id for % <0.5and ’; <1

J (t—h)n.szx(g)
d d

d = projectile diameter (mm)

t, = bumper thickness (mm)

t,, = rear-wall thickness (mm)

§ =spacing between bumper and rear-wall (mm)

V= projectile velocity (km/sec).

where



The parameters for the Nysmith equation do not include any material properties for the bumper
or rear-wall, unlike other double-plate penetration equations, since only one aluminum alloy was used.
The equation was not recommended for use outside the material test parameters used to develop it.
However, it was recommended for use in the high-velocity range; i.e., 6 km/sec (20,000 ft/sec) and
greater, expected meteoroid velocities. Nysmith observed that impact results obtained in the
low-velocity range, <6 km/sec, were very different (more shattering and less vaporization) and therefore
not applicable to the high-velocity range.!2

2.5 Lundeberg-Stern-Bristow Equation

In 1965, J.F. Lundeberg, P.H. Stern, and R.J. Bristow developed the following equation for
NASA LeRC with test data from the hypervelocity laboratories at the Boeing Company in Seattle, WA 14
The Lundeberg-Stern-Bristow equation, like many other equations developed in the 1960’s. was
developed to predict the damage due to meteoroid particle impacts. The equation applies to multiple-plate
structures, which includes double-plate structures. The Lundeberg-Stern-Bristow equation was
developed for aluminum projectiles impacting aluminum targets, although 14 bumper materials and
8 low-density filler materials were tested. The bumper materials used were magnesium-lithium,
magnesium, aluminum, 6A1-4V titanium, zinc, 301 and 321 stainless steel, 1095 steel, beryllium-copper.
copper, TZM molybdenum, niobium, lead, tantalum, and tungsten. The filler materials used were poly-
urethane, polystyrene, Q-felt, “Dexiglas,” glass, wool, and cork. The projectile materials used were
aluminum, Pyrex, nickel, and “sapphire” (3.9 gm/cm?3). Most of the projectiles were spherical and
ranged from 0.08 cm (0.031 in.) to 0.64 cm (0.250 in.) in diameter. Projectile impact velocities varied
from 1.5 km/sec (5.000 ft/sec) to 8.2 km/sec (27.000 ft/sec). The plate thicknesses used in this test series
ranged from 0.005 cm (0.002 in.) to 0.318 cm (0.125 in.), with up to 44 plates. Overall spacing of the
plates was as high as 32.77 cm (12.9 in.). Many tests did not include filler materials between the plates.

N=F[Y ()RS alid for 0.7 < % < 2
= lz:] (—[ 7 vah or L. <E<
and
1 1
Fo= a2 L) P eane L) Zans
l-—.'_.z..z + . 7 - . .
where

N = number of sheets penetrated following the first sheet
d = projectile diameter (in.)

t = thickness of first sheet (in.)

t, = thickness of second and each succeeding sheet (in.)
S, = spacing between first and second sheets (in.)

V= projectile velocity (ft/sec)

C = speed of sound in first sheet (ft/sec).

When “N” in the Lundeberg-Stern-Bristow equation is set to 1. the equation can be solved for the
projectile size which will penetrate the rear-wall plate of a double-plate structure.



2.6 Burch Equation

G.T. Burch studied the characteristics of impact damage to multiple-plate structures to enable
vehicle and weapon designers to provide sufficient protection from hypervelocity projectiles.!S Burch
identified ~600 data points from a literature search, and compared them with the Lundeberg-Stermn-
Bristow multiple-plate penetration equation to determine its effectiveness and accuracy. Impact veloci-
ties used in these tests ranged from 3 km/sec (10,000 ft/sec) to 7.6 km/sec (25,000 ft/sec). The test
parameters included aluminum and steel, used as both targets and projectiles, and two projectile shapes;
1.e., spheres and short rods.

The Lundeberg-Stern-Bristow data and many of the other data from the literature search Burch
performed were for normal impacts only. To predict penetration by oblique impacts, some double-plate
penetration predictors use the normal component of the projectile velocity. During the course of his
study, Burch developed penetration equations for flight-path (oblique) as well as normal-path penetra-
tion for aluminum projectiles impacting aluminum targets. To provide the missing oblique impact data,
he conducted additional HVI tests for impact angles ranging from 0 to 60 deg off the target normal. The
2024-T3 aluminum target thicknesses ranged from 0.025 cm (0.010 in.) to 0.406 cm (0.160 in.}, with
overall spacings between =2.54 cm (1 in.) and 25.4 cm (10 in.). The 2017 aluminum projectiles were
spheres ranging from 0.318 cm (0.125 in.) to 0.635 ¢m (0.25 in.) in diameter.

NI'J'

) . VN3t ﬁ% Sl 1
Flight path penetration: Np = (Fl + 0.63F, )(E) 7‘ i

. d\VY3
Normal path penetration: Ny = F5| — | = .

th \NC
where
-1 1
1) e L)
F = 242[—] + 426(—] - 4.18
d
F,=05-187 0]+ (58 16 3+ 117 - 12l X valid for L < 0.32
2 ' ld d ’ ) d d — 7
X = tan@ — 0.5 valid forOdeg < 8 < 60 deg
¢\ A
F, = 0.32(—) + 0.48(—) sin'f,
] d d
and where
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N = number of sheets penetrated by flight-path component of debris
following the first sheet

Ny = number of sheets penetrated by normal component of debris
following the first sheet

V = projectile velocity (ft/sec)

d = projectile diameter (in.)

t, = thickness of first sheet (in.)

t, = thickness of second and each succeeding sheet (in.)
S| = spacing between first and second sheets (in.)

C = speed of sound in first sheet (ft/sec)
6 = impact angle (deg).

2.7 Wilkinson Equation

In 1967, Richard Madden developed a penetration predictor equation using the equations of
linear plate theory to predict the ballistic limit of double-plate structures.'® In 1969, J.P.D. Wilkinson
further developed Madden'’s equation into what is now known as the Wilkinson equation.!” The
Wilkinson equation is based on two basic assumptions; the first is that the bumper completely
fragments or vaporizes the incoming projectile, and the second is that the failure of the rear-wall occurs
as a bulge and a final tearing. or petalling, of the material. The first assumption implies that the
Wilkinson equation is valid for impact velocities >8 km/sec, for aluminum on aluminum impacts, since
the incoming projectile is completely fragmented or vaporized. The second assumption implies that
there is no spallation from the back of the rear-wall plate. since it is assumed to react as a perfectly
elastic, plastic plate. Wilkinson used a hydrodynamic computer code to model the response of the
rear-wall to help develop the equation, then he graphically compared his equation with existing test data
covering several materials including aluminum, steel, cadmium, titanium, and others as the projectiles
and targets to qualitatively show the effectiveness of the equation.

1.44L,M,S? _ M,
my, = —f,—;— valid for d>1
i pp
| 3
T3 2 !
1.44 % LyM(M,S . M,
m, = 5 valid for 7)7<1
3 p
(Pp) V.

and
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where

d = projectile diameter (cm)

m, = projectile mass (gm)

M, = mass per unit area for bumper (gm/cm?)

M, = mass per unit area for rear-wall (gm/cm?)

p, = projectile density (gm/cm3)

V= projectile velocity (km/sec)

V,, = normal component of projectile velocity (km/sec) = Vcos@
L, =rear-wall material constant (0.401 for 2219 aluminum)

§ = spacing between bumper and rear-wall (cm)

6 = projectile impact angle off the target normal (deg).

After rearranging the Wilkinson equation to solve for the ballistic limit rear-wall thickness
instead of ballistic limit projectile mass, the equation becomes:

0.364d4p2V d
l, = -—m valid for Pp > 1
LyS2pptypy Polp
0.364d3p V d
fy = —m valid for Pp <1 ,
2
LES Py Pplhp

where

= bumper thickness (cm)

t,. =rear-wall thickenss (cm)

p, = bumper density (gm/cm?)
p,. = rear-wall density (gm/cm?).

Like many others, Wilkinson assumed vaporization of the projectiles when he developed the
equation and did not consider the loading rate effects in the rear-wall, such as a spall. In the late 1980s,
due to test and analysis results from the early NASA Space Station program, Norman Elfer suggested a
modification to the Wilkinson equation.!8:1® This modification would account for a lower dispersion
angle of the debris cloud behind the bumper caused by melting instead of complete vaporization of the
projectile, Wilkinson’s assumption. Then, in the early 1990’s, Abbott and Bjorkman also suggested a
revision due to momentum multiplication seen from test and hydrocode data for the collision of the
projectile and bumper debris with the rear-wall plate.?’ They suggested using 80 percent of the projectile
diameter predicted by the Wilkinson equation as an approximation of a more realistic but conservative
ballistic limit projectile diameter. The equation with this change is generally referred to as the “modified”
Wilkinson equation.
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3. COMPARISONS OF EQUATIONS AND TEST RESULTS

It is often beneficial during design and analysis of M/OD shield systems to compare the results
from various predictor equations. In the following sections, double-plate equations are compared to
single-plate equations (sec. 3.1), to each other (sec. 3.2), and to test results (sec. 3.3). Some design
considerations are also noted, to help the designer determine whether the single-plate or double-plate
design is the better choice (sec. 3.4). The predictor equations comparisons are made to show relative
differences of the predicted results. Each equation should be carefully evaluated for use in specific
situations to determine the one(s) most applicable.

3.1 Comparisons of a Single-Plate Equation to a Double-Plate Equation

The “new” Cour-Palais double-plate penetration predictor equation is the only equation in this
paper which covers all three phase changes of the projectile impacting the bumper plate, and was
developed to predict damage due to both the meteoroid and orbital debris particle impacts. Therefore,
it was selected to compare predicted ballistic limit particles to those predicted by the single-plate
penetration equation to show the effectiveness of double-plate structures over single-plate structures.
The “modified” Cour-Palais single-plate penetration predictor equation was selected for this comparison
for consistency.* Microsoft® Excel software was used to complete the calculations. Projectiles are
assumed spherical, and to have the properties of 2017 aluminum, impacting normal to the target surface.
The material properties for the 2219-T87 aluminum alloy were used for both the single- and double-
plate structures. The thickness of the single-plate was set to 0.200 in. (0.51 cm). For the double-plate
structure, the thicknesses of the bumper plate and rear-wall plate were set to 0.050 in. (0.13 cm) and
0.150 in. (0.38 cm), to give a total thickness equal to that of the single plate (see fig. 2). Table 1 lists the
ballistic limit projectile diameters predicted by the single- and double-plate penetration equations for the
velocities ranging from 2 to 15 km/sec. Figure 3 shows the ballistic limit curves generated by the single-
and double-plate penetration equations, a plot of the calculated ballistic limit particle diameters. The
ballistic limit is the predicted projectile size for a given particle material, impact angle, and velocity.,
which will just completely penetrate the rear-wall plate of the double-plate structure. Any larger
projectiles are expected to completely penetrate the rear-wall plate, and any projectiles smaller than the
ballistic limit are not expected to completely penetrate.
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Figure 2. Single- and double-plate configurations compared.

Table 1. Projectile diameters predicted by the single-
and double-plate penetration equations.

Impact Projectile Diameter

Velocity (cm) Percent

(km/sec) | Single-Plate Doubie-Plate Difference
2 0.3651 0.3777 3.47
3 0.2826 0.2924 347
4 0.2356 0.3955 67.83
5 0.2047 0.4985 143.58
6 0.1824 0.6016 229.81
7 0.1655 0.7044 325,69
8 0.1521 0.6444 323.70
9 0.1412 0.5958 321.95
10 0.1321 0.5554 320.39
11 0.1244 0.5212 318.99
12 01177 0.4918 317.71
13 0.1119 0.4662 316.54
14 0.1068 0.4438 315.46
15 0.1023 0.4238 314.46




0.200-in., 2219-T87 Single-Plate; and
0.050-in. 2219-T87 Bumper, 4-in. Standoff,
0.150-in. 2219-T87 Rear-Wall
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Figure 3. Ballistic limit curves generated by single-
and double-plate penetration equations.

For the low-velocity range; i.e., from 2 to 3 km/sec, the projectiles are expected to penetrate
through the bumper plate without shattering, melting, or vaporizing. Therefore, the double plate reacts
similarly to the single-plate. resulting in nearly identical curves in figure 3. In this velocity range, the
projectile sizes which the double-plate can stop are only 3.5 percent larger than the ones stopped by
the single plate. For the intermediate-velocity range; i.e., from 3 to 7 km/sec, the bumper plate starts to
shatter the projectile, creating many smaller particles, spreading their energy over a wider area of the
rear-wall plate. The greater the velocity, the more smaller particles will be created by breaking the
projectile, and the wider the area they are spread over the rear-wall plate. Therefore, the double-plate
can stop much larger projectiles than the single-plate. The projectile sizes which the double-plate can
stop range from 68 percent to over 300 percent larger than the ones the single-plate can stop. For the
high-velocity range; i.e., >7 km/sec, the projectile starts to melt, then vaporize, after impacting the
bumper plate. The projectile sizes which the double-plate can stop are over 300 percent larger than the
~ ones the single-plate can stop. Many double-plate penetration equations were developed only for the
high-velocity range, as discussed in section 2, since the environment of concern was meteoroids, with
expected impact velocities >10 km/sec.

3.2 Comparisons of Double-Plate Penetration Equations

Microsoft Excel software was used to construct a spreadsheet to calculate the ballistic limit
projectile diameters predicted by the seven double-plate penetration equations for velocities ranging
from 2 to 15 km/sec. Predictions were made and plotted for three double-plate configurations shown in
figure 4. These designs were chosen for this study because of the test database available from early
Space Station debris shield development. Because these configurations are so similar, the differences
between the results predicted by the double-plate penetration equations are small. Note, however, that
configuration 2 will provide the highest resistance to penetration, due to increased spacing, even over
the more massive configuration 3.
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Figure 4. Three shield configurations used in the comparison of predictor equations to test data.

The ballistic limit projectile diameters predicted by the Nysmith and Wilkinson double-plate

penetration equations for configuration 3 are shown in tables 2 and 3, respectively. Figures 5-7 show the
ballistic limit curves generated by the seven double-plate penetration equations discussed in section 2 for
each of these three cases.

Table 2. Ballistic limit projectile diameters predicted by the Nysmith double-plate
penetration equation for configuration 3.

Nysmith penetration equation (developed with Pyrex glass projectiles
simulating meteoroids, for impact velocities >6 km/sec)

Ratio of t,to t,,

Bumper Thickness () 0.080 |in. 0.2032 |cm 39.02 |%
Rear-Wall Thickness (t,,) 0.125 in. 0.3175 fcm 60.98 %
Standoft 4.00 in. 10.16 cm
Al Projectile Density | 2.713  |gm/cm3 Pyrex Projectile Density 2.230 |gm/icm®
Impact Calculated Pyrex Aluminum
Velocity Diameter Check 1 Check 2 Projectile Diameter Projectile Diameter
(km/sec) (cm) (1,/d<0.5) (1,/d<1) (cm) (in.) (cm) (in.)
6 0.7373 0.2756 0.4306 0.7373 0.2903 0.6906 0.2719
7 0.7265 0.2797 0.4370 0.7265 0.2860 0.6806 0.2679
8 0.7173 0.2833 0.4426 0.7173 0.2824 0.6720 0.2645
9 0.7093 0.2865 0.4476 0.7093 0.2793 0.6645 0.2616
10 0.7022 0.2894 0.4521 0.7022 0.2765 0.6578 0.2590
" 0.6959 0.2920 0.4562 0.6959 0.2740 0.6519 0.2566
12 0.6901 0.2944 0.4600 0.6901 0.2717 0.6465 0.2545
13 0.6849 0.2967 0.4636 0.6849 0.2696 0.6416 0.2526
14 0.6801 0.2988 0.4669 0.6801 0.2678 0.6371 0.2508
15 0.6756 0.3008 0.4699 0.6756 0.2660 0.6329 0.2492




Table 3. Ballistic limit projectile diameters predicted by the Wilkinson double-plate
penetration equation for configuration 3.

Wilkinson penetration equation (projectile melt/vaporization predictor far impact velocities >8 km/sec)

Density Thickness Thickness
Projectile 2713 |omiem® Bumper 0.080 |in. 0.2032 |cm
Bumper 2713 |gmicm? Rear-Wall 0.125 |in. 03175 |em
Rear-Wall 2.851 |gm/cm?® Standoft 4.00 in. 10.160 [cm
Rear-Wall Material Constant
Penetration Resistance (L)
Case 1 Case 2 Al Projectile Diameter Al Projectile Diameter
Impact Calculated Calculated by Original Wilkinson by Modified Wilkinson
Velocity Diameter Check 1 Diameter Check 2 (0.8 x Original Wilkinson)
(km/sec) (cm) (dry/rpty>1) (cm) (drp/rpty<) (cm) (in.) (cm) (in.)
8 0.9908 48760 1.6801 - 0.9908 0.3901 0.7926 0.3121
9 0.9621 47345 1.6154 - 0.9621 0.3788 0.7696 0.3030
10 0.9370 46115 1.5597 - 0.9370 0.3689 0.7496 0.2951
1 0.9150 45029 1.5109 - 0.9150 0.3602 0.7320 0.2882
12 0.8953 4.4060 1.4677 - 0.8953 0.3525 0.7162 0.2820
13 0.8776 43187 1.4291 - 0.8776 0.3455 0.7020 0.2764
14 0.8614 4,2394 1.3942 - 0.8614 0.3392 0.6892 0.2713
15 0.8467 4.1669 1.3625 - 0.8467 0.3334 0.6774 0.2667

0.063-in. 6061-T6 Bumper, 4-in. Standoff, 0.125-in. 2219-T87 Rear-Wall

-~~~ Original Cour-Palais =~ —{ll— Adjusted Nysmith
2.0 : —>¢— Modified Cour-Palais ———— Lundeberg-Stern-Bristow
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‘5 : —8— Nysmith —@— Modified Wilkinson
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Figure 5. Ballistic limit curves generated by the double-plate
penetration equations for configuration 1.
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The ballistic limit projectile diameters predicted in this study by the Nysmith equation were
“scaled” from Pyrex glass to aluminum projectile diameters to estimate the change in penetration capa-
bility due to projectile material density. This is an estimation method used at MSFC, not one used by or
recommended by Nysmith or any other of the developers of the double-plate predictors in this study.

As discussed earlier in this report, all the double-plate penetration equations except the Wilkinson
equation were derived from test results with impact velocities as high as 9 km/sec. These penetration
equations were extrapolated to predict the projectile diameters for velocities >9 km/sec. The Wilkinson
equation was developed using the equations of linear plate theory with simplifying assumptions
concerning the plate’s reaction in the vaporization region. Therefore, the projectile diameters pre-
dicted by these equations have not been verified by experiment. Currently, there are a few facilities
which can launch projectiles to velocities up to 12 km/sec. These tests can be very expensive and offer
less confidence in the test results than those accomplished at <9 km/sec. In conjunction with tests
>9 km/sec, hydrocode analyses can provide more confidence in the predictor equations.

Figures 5-7 illustrate the ballistic limit curves generated by the seven double-plate penetration
equations for the three double-plate structures in this study. Only the new Cour-Palais equation is appli-
cable in the low-velocity range. Two penetration equations are applicable in the intermediate-velocity
range, the new Cour-Palais and the Lundeberg-Stern-Bristow equations. For the high-velocity range, the
most conservative penetration equations are the modified and new Cour-Palais equations. Also for the
high-velocity range, the least conservative penetration equations are the original Cour-Palais equation
for the velocities <11-12 km/sec and the Wilkinson equation for the velocities >11-12 km/sec. The
Nysmith, adjusted Nysmith, and modified Wilkinson equations predicted the projectile sizes which fell
between the most and least conservative equations. It is interesting to note that the projectile sizes
predicted by these three equations are similar, considering their varying development parameters.

For configuration I, the projectile sizes predicted by the Lundeberg-Stern-Bristow equation are
between 22 and 35 percent larger than those by the new Cour-Palais equation. At 8 km/sec, the projectile
size predicted by the least conservative equation is 120 percent larger than the one by the most
conservative equation. At 15 km/sec, the projectile size predicted by the least conservative equation is
111 percent larger than the one by the most conservative equation. The projectile sizes predicted by
the modified Wilkinson equation are between 5 and 16 percent larger than those by the adjusted
Nysmith equation. The projectile sizes predicted by the modified Wilkinson equation are between 30 and
69 percent larger than those by the modified and new Cour-Palais equations. Finally, the projectile sizes
predicted by the original Cour-Palais equation are between 6 and 69 percent larger than those by the
modified Wilkinson equation.

For configuration 2, the projectile sizes predicted by the Lundeberg-Stern-Bristow equation are
34.5 percent larger than those by the new Cour-Palais equation, in the intermediate-velocity range. At
8 km/sec, the projectile size predicted by the least conservative equation is 136 percent larger than the
one by the most conservative equation. At 15 km/sec, the projectile size predicted by the least conserva-
tive equation is 126 percent larger than the one by the most conservative equation. The projectile sizes
predicted by the modified Wilkinson equation are between 6 and 17 percent larger than those by the
adjusted Nysmith equation. The projectile sizes predicted by the modified Wilkinson equation are
between 39 and 81 percent larger than those by the modified and new Cour-Palais equations. Finally, the
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projectile sizes predicted by the original Cour-Palais equation are between 6 and 69 percent larger than
those by the modified Wilkinson equation.

For configuration 3, in the intermediate-velocity range, the projectile sizes predicted by the
Lundeberg-Stern-Bristow equation are between 17 and 40 percent larger than those predicted by the new
Cour-Palais equation. At 8 km/sec, the projectile size predicted by the least conservative equation is
120 percent larger than the one by the most conservative equation. At 15 km/sec, the projectile size
predicted by the least conservative equation is 124 percent larger than the one by the most conservative
equation. The projectile sizes predicted by the modified Wilkinson equation are between 7 and 18 percent
larger than those by the adjusted Nysmith equation. The projectile sizes predicted by the modified
Wilkinson equation are between 38 and 79 percent larger than those by the modified and new Cour-Palais
equations. Finally, at 8 km/sec, the projectile size predicted by the original Cour-Palais equation is
60 percent larger than the one by the modified Wilkinson equation. However, at 15 km/sec, the projectile
size predicted by the modified Wilkinson equation is only 0.4 percent larger than the one predicted by
the original Cour-Palais equation.

3.3 Comparisons With Test Results
Several hundred HVI tests, including the double-plate structures were performed at MSFC
during the development of the M/OD shield design for the International Space Station (ISS) program.

The results from 58 of these tests, shown in table 4, were used in this study to compare with predictor
equation results for configurations 1-3.
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Table 4. Hypervelocity impact test results from the /SS program.

Projectile Bumper Rear-Wall
Impact - Standoff
Test Velocity Diameter Thickness | Distance Thickness | Pen.
Number |(km/sec) | Material (in.) (cm) | Material (in.) (in.) Material (in.} | (YN)
SS-P-028 3.00 1100 A 0125 | 03175 | 6061-T6 | 0.063 4 2219-187 | 0125 N
SS-P-027A 3.87 1100 Al 0.187 | 04750 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
$S-P-0278 415 1100A 0.187 | 04750 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
SS-P-027 453 1100 A 0.187 | 04750 | 6061-T6 | 0.063 4 2219-787 | 0.125 N
SS-P-001 2.75 1100A 0.250 | 06350 | 6061-T6 | 0.063 4 2219-187 | 0125 Y
$5-P-002 2.99 1100 Al 0.250 | 0.6350 | 6061-T6 | 0.063 4 2219-T87 | 0.125 Y
§5-148C 3.63 1100 Al 0.250 | 0.6350 | 6061-T6 { 0.063 4 2219-187 | 0.125 Y
SS-PT4A 3.64 1100 A 0.250 | 0.6350 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
SS-PT4B 4.26 1100 Al 0.250 | 0.6350 | 6061-T6 | 0.063 4 2219-787 | 0.125 Y
$S-P-003 4.90 1100 Al 0.250 | 0.6350 | 6061-T6 | 0.063 4 2219-787 | 0.125 Y
$S-P-004 495 1100 Al 0.250 | 0.6350 | 6061-T6 | 0.063 4 2219-T87 | 0.125 Y
5S-148A 574 1100 Al 0.250 | 0.6350 | 6061-T6 | 0.063 4 2219-787 | 0.125 N
EHSS-2B 5.88 1100 Al 0.250 | 06350 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
$S-P-034B 7.06 1100 A 0.250 | 0.6350 | 6061-T6 { 0.063 4 2219-T87 | 0.125 Y
$S-P-022 5.09 1100 A 0.262 | 0.6655 | 6061-T6 { 0.063 4 2219-T187 | 0.125 Y
§5-P-0228 6.89 1100 A 0.262 | 0.6655 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
§S-P-021A 6.47 1100 Al 0.300 ] 07620 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
§S-P-021 6.63 1100 Al 0.300 | 0.7620 | 6061-T6 | 0.063 4 2219-T187 | 0.125 Y
SS-T2-8 3.39 1100 Al 0.313 | 07950 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
SS-PT8A 4.35 1100 Al 0.313 | 0.7950 | 6061-T6 | 0.063 4 2219-7187 | 0.125 Y
SS-PT88B 437 1100 Al 0313 | 0.7950 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
SS-T2-6A 464 1100 Al 0313 | 07950 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
EHSS-6C 6.64 1100 Al 0.313 | 0.7950 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
EH3-A 6.64 1100 Al 0313 | 0.7950 | 6061-T6 | 0.063 4 2219-187 | 0125 Y
EH4-B 6.76 1100Al 0313 | 0.7950 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
S8-T2-18 5.05 1100 Al 0375 | 09525 | 6061-T6 | 0.063 4 2219-187 | 0.125 Y
SS-P-015 2.85 1100 A 0125 | 03175 | 6061-T6 | 0.063 6 2219-T87 | 0.125 N
§S-P-015C 3.01 1100 Al 0.125 | 03175 | 6061-T6 | 0.063 6 2219-T87 | 0.125 N
SS-P-014D 3.26 1100A 0.187 | 04750 | 6061-T6 | 0.063 6 2219-187 | 0125 Y
$S-P-014 372 1100 A 0.187 | 04750 | 6061-T6 | 0.063 6 2219-187 | 0125 Y
SS-P-014A 418 1100 Al 0.187 | 04750 | 6061-T6 | 0.063 6 2219-T87 0.125 Y
$S-P-013 477 1100 A 0.250 | 0.6350 | 6061~T6 | 0.063 6 2219-187 | 0.125 Y
S§S—P-013C | 5.79 1100 A 0.250 | 0.6350 | 6061-T6 | 0.063 6 2219-T87 | 0.125 Y
$S-P-020C 6.63 1100 Al 0.300 | 0.7620 | 6061-T6 | 0.063 6 2219-787 | 0.125 Y
§S-T2-20 473 1100 Al 0313 ] 0.7950 | 6061-T6 | 0.063 6 2219-187 | 0125 Y
$5-P-035 6.69 1100A 0.350 | 0.8890 | 6061-T6 | 0.063 6 2219-T87 | 0.125 Y
$5-P-0258 2.25 6061-T6 Al | 0.187 | 04750 | 6061-T6 | 0.063 6 2219-187 | 0.125 Y
$5-P-025C 2.59 6061-T6 Al | 0.187 | 04750 | 6061-T6 | 0.063 6 2219-T87 | 0.125 N
SS-P-025A 327 6061-T6 Al | 0.187 | 04750 | 6061-T6 | 0.063 6 2219-187 | 0.125 N
§5-P-025 3N 6061-T6 Al | 0.187 | 04750 | 6061-T6 | 0.063 6 2219-T87 | 0.125 N
§5-P-024C 5.80 6061-T6 Al [ 0.250 | 0.6350 | 6061-T6 | 0.063 6 2219-T87 | 0.125 Y
SS-P-024F 5.88 6061-T6 Al | 0.250 | 0.6350 | 6061-T6 | 0.063 6 2219-187 | 0125 Y
SS-P-018RV | 7.12 6061-T6 Al | 0.262 | 0.6655 | 6061-T6 | 0.063 6 2219-187 | 0.125 Y
$5-P-016 514 6061-T6 Al | 0.300 | 0.7620 | 6061-T6 { 0.063 6 2219-187 | 0.125 Y
SS-P-016A 6.04 6061-T6 Al | 0.300 | 0.7620 | 6061-T6 | 0.063 6 2219-187 | 0.125 Y
§S-P-0168 6.33 6061-T6 Al { 0.300 | 0.7620 | 6061-T6 | 0.063 6 2219-187 | 0.125 Y
SS-P-016C 6.63 6061-T6 Al | 0.300 | 0.7620 | 6061-T6 | 0.063 6 2219-187 0.125 Y
$S-P-016E 6.78 6061-T6 Al | 0.300 | 0.7620 | 6061-T6 | 0.063 6 2219-787 0.125 Y
§5-190D 2.00 1100 Al 0.187 | 04750 | 6061-T6 | 0.080 1 2219-787 0.125 N
SS-101 3.09 1100 Al 0.187 |.0.4750 | 6061-T6 | 0.080 4 2219-787 0.125 Y
S5-109B 3.61 1100 Al 0.187 04750 | 6061-T6 0.080 4 2219-187 0.125 N
SS-101A 3.70 1100 Al 0.187 0.4750 | 6061-T6 0.080 4 2219-787 0.125 Y
SS-109A 4.06 1100A 0.187 | 04750 | 6061-T6 | 0.080 4 2219-187 0.125 N
SS-101B 427 1100 A 0.187 | 04750 | 6061-T6 | 0.080 4 2219-187 0.125 Y
$5-109 7.39 1100 Al 0.187 | 04750 | 6061-T6 | 0.080 4 2219-187 | 0.125 N
55-102 7.20 1100 Al 0.300 | 0.7620 | 6061-T6 | 0.080 4 2219-T87 | 0.125 Y
SS-107A 6.74 1100 Al 0.350 | 0.8890 | 6061-T6 | 0.080 4 2219-T87 0.125 Y
$S-107B 6.82 1100 Al 0.350 | 0.8890 | 6061-T6 | 0.080 4 2219-187 | 0.125 Y
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A total of 26 tests were performed using configuration 1 (0.063-in. 6061-T6 bumper, 4-in.
standoff, 0.125-in. 2219-T87 rear-wall double-plate structure). The 1100 aluminum projectile diameters
ranged from 0.32 cm (0.125 in.) to 0.95 cm (0.375 in.), and the projectile velocities ranged from 2.75 to
7.06 km/sec. For configuration 2 (0.063-in. 6061-T6 bumper, 6-in. standoff, 0.125-in. 2219-T87 rear-
wall double-plate structure), 22 tests were performed. The 1100 and 6061-T6 aluminum projectile
diameters ranged from 0.32 cm (0.125 in.) to 0.89 cm (0.350 in.), and the projectile velocities ranged
from 2.25 to 7.12 km/sec. Finally, 10 tests were performed using configuration 3 (0.080-in. 6061-T6
bumper, 4-in. standoff, 0.125-in. 2219-T87 rear-wall double-plate structure). The 1100 aluminum
projectile diameters ranged from 0.48 cm (0.187 in.) to 0.89 cm (0.350 in.), and the projectile velocities
ranged from 2 to 7.39 km/sec. Figures 8—10 show the ballistic limit curves generated by the double-plate
penetration equations with the test results for the three configurations.
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Figure 8. Comparisons of the double-plate penetration equations
with the test results for configuration 1.
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Figure 9. Comparisons of the double-plate penetration equations
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Figure 10. Comparisons of the double-plate penetration equations
with the test results for configuration 3.

Figure 8 shows the ballistic limit curves generated by the double-plate penetration equations for
configuration 1. Only 3 of the 26 tests resulted in no perforation of the rear-wall plate. Test No. SSP028
at 3 km/sec, showed that a 0.3175-cm projectile did not perforate the rear-wall plate. Conservatively, the
new Cour-Palais equation predicted that the 0.2729-cm projectile traveling at the same velocity would
perforate the rear-wall plate, a 16 percent smaller diameter projectile. Test No. SS—P-027 showed that a
0.475-cm projectile traveling at 4.53 km/sec did not perforate the rear-wall plate. The new Cour-Palais
equation again conservatively predicted that the 0.4085-cm projectile traveling at the same velocity
would perforate the rear-wall plate. Perhaps more realistically, the Lundeberg-Stern-Bristow equation
predicted that a 0.5149-cm projectile traveling at the same velocity would perforate the rear-wall plate.
Finally, test No. SS—148A showed that a 0.635-cm projectile traveling at 5.74 km/sec did not perforate
the rear-wall plate, and test No. EHSS-2B showed that the same size projectile traveling at 5.88 km/sec
did perforate the rear-wall plate. indicating a ballistic limit point for the 0.635-cm projectile should lie
between these two velocities. The new Cour-Palais equation again conservatively predicted that a
0.5158-cm projectile traveling at 5.74 km/sec would perforate the rear-wall plate, a 23 percent smaller
projectile than the one tested. More in line with the data, the Lundeberg-Stern-Bristow equation predicted that
a 0.679-cm projectile traveling at the same velocity would perforate the rear-wall plate.

To summarize, when comparing to data for configuration 1, the new Cour-Palais equation more
accurately predicted rear-wall perforation for velocities >6 km/sec. The Lundeberg-Stern-Bristow
equation was a better predictor between 4 and 6 km/sec. However, the Nysmith and adjusted Nysmith
equations did not predict correctly.

Figure 9 shows the ballistic limit curves generated by the double-plate penetration equations with
the test results for configuration 2. Five of the twenty-two tests resulted in no perforation of the rear-wall
plate. Of test Nos. SS-P-015 and SS-P-015C, both with 0.3175-cm projectiles; at 2.85 and 3.0l km/sec,
respectively, neither perforated the rear-wall plate. The new Cour-Palais equation underpredicted the
ballistic limit projectile, indicating that a 0.2729-cm projectile traveling at 3 km/sec would perforate the
rear-wall plate, a 16 percent smaller projectile than the one in the tests. At slightly higher velocities,
results of test Nos. SS—P-025A and SS—-P-025 showed that 0.475-cm diameter 606 1-T6 projectiles
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traveling at 3.27 and 3.71 km/sec, respectively, could not perforate the rear-wall plate. However, the
same size 1100 projectiles (test Nos. SS—P-014D and SS-P-014) at 3.26 and 3.72 km/sec did perforate
the rear-wall plate. These test results indicate that the ballistic limit for configuration 2 is reached near
these velocities for a 0.475-cm aluminum projectile. Again, the new Cour-Palais equation predicted that
the rear-wall plate would be perforated by a projectile smaller than those in the tests, a 0.3019-cm
projectile traveling at 3.26 km/sec and a 0.352-cm projectile traveling at 3.71 km/sec, respectively. For
the tests performed at velocities between 4 and 7 km/sec, the new Cour-Palais equation predicted
correctly, although there were no “no perforation™ results to compare with in this velocity range. Con-
trary to earlier comparisons, the new Cour-Palais equation predicted that a 0.7099-cm projectile at
7.12 km/sec was required to perforate the rear-wall plate, a larger projectile than the 0.6655-cm projec-
tile that perforated in test No. SS—018RV. The Lundeberg-Stern-Bristow, Nysmith, and adjusted Nysmith
equations all predicted higher ballistic limit projectiles than the tests results for configuration 2.

Figure 10 shows the ballistic limit curves generated by the double-plate penetration equations
with the test results for configuration 3. Four of the ten tests resulted in no perforation of the rear-wall
plate. The results of test No. SS—190D showed that the rear-wall plate stopped a 0.475-cm projectile
traveling at 2 km/sec. However, the new Cour-Palais equation predicted that the rear-wall plate would be
perforated by a smaller 0.3802-cm projectile traveling at the same velocity, a 25 percent smaller projec-
tile than the one tested. Test results showed that the rear-wall plate stopped a 0.475-cm projectile
traveling at 3.61 km/sec (test No. SS—109B), but could not stop the same size projectile traveling at
3.70 km/sec (test No. SS—101A). At 3.61 km/sec, both the new Cour-Palais equation and the Lundeberg-
Stern-Bristow equation predicted smaller ballistic limit projectiles of 0.3451 cm (38 percent smaller) and
0.3864 cm (23 percent smaller), respectively. For velocities >6 km/sec, the new Cour-Palais, Nysmith,
and adjusted Nysmith equations predicted correctly.

3.4 Shield Design Considerations

Before choosing a debris shield design, several details of the design must be considered. In
addition to the obvious shield material and thickness selections, careful reflection must be given to the
benefits of simplicity of a single-plate design over increased shield effectiveness with a multiple-plate
design. Increased shield effectiveness inevitably leads to increased mass. However, the designer can be
resourceful in distributing the mass to maximize shield effectiveness for the spacecraft. Often the final
design decision becomes one of how “safe” the project manager wants his/her vehicle to be, given a
maximum allowable shield mass.

The designer can save much mass unwisely by choosing the least conservative equation, which
underestimates the value for the perforating projectile diameter. Therefore, he/she can reduce the cost
significantly, but this choice could result in unforeseen critical damage to the spacecraft or loss of the
entire spacecraft. On the other hand, the designer can design a conservative, well-protected spacecraft
but the spacecraft could become very heavy, increasing launch and material costs significantly. A thor-
ough understanding of all the factors involved in designing spacecraft shielding can help the designer
choose the most effective design for the least mass.
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3.4.1 Single-Versus Double-Plate Shielding

It is not good design practice to include only the masses of the walls themselves when deciding
between single- and double-plate shielding. A design comparison should also include the masses of
additional support structure required for the double-plate design. As an example, an unverified estimate
of this additional mass from the Space Station shield design is 8 percent of the mass of the “shield”
itself. Using this estimate to recalculate the example from section 3.1: if the support structure mass of
the double-plate design is estimated as 8 percent of the mass of the two plates, then the total mass per
unit area of the shield in the example would increase from 0.0204 to 0.0220 Ib/in?. Then an equal mass
single-plate structure would be 0.216 in. (0.55 cm) thick. Table 5 shows the comparison between these
two shields, with corresponding percent differences in ballistic limit projectile sizes. The percent differ-
ence between the double- and single-plate shields has decreased; the double-plate shield is slightly less
advantageous than it previously was. For this particular case, even including the mass of the additional
hardware, the double-plate shield remains a superior shield design over the single-plate shield. In some
instances the mass of the suppport structure will be excessive.

Table 5. Projectile diameters predicted for the single-plate shield
with additional mass compared to the double-plate shield.

Impact Projectile Diameter

Velocity (cm) Percent
(km/sec) Single-Plate Doubie-Plate Difference

2 0.3927 0.3777 -3.80

3 0.3040 0.2924 -3.80

4 0.2535 0.3955 56.03

5 0.2201 0.4985 126.46

6 0.1962 0.6016 206.62

7 0.1780 0.7044 295.76

8 0.1636 0.6444 293.91

9 0.1519 0.5958 292.28

10 0.1421 0.5554 290.83

1 0.1338 0.5212 289.53

12 0.1266 0.4918 288.34

13 0.1204 0.4662 287.25

14 0.1149 0.4438 286.25

15 0.1100 0.4238 285.31

The ballistic limit curves for this example are shown in figure 11. Notice that the single-plate
shield now has improved performance over the double-plate at very low velocities where the projectile
remains intact. Also, with the 8-percent increase in shield mass. the single-plate shield can stop projec-
tiles =7.5 percent larger in diameter over all three velocity ranges, than the shield without the additional
mass.

3.4.2 Increased Spacing

As noted in section 3.2, increased spacing between plates of shielding can be more beneficial
than increased plate thicknesses. There are limits to the effectiveness of increased spacing. dependent
upon both impact physics and the increasing mass of the support structure. The support structure mass
cannot be discounted in the design selection. Also, in many situations space is limited by allowable
payload envelope within a launch vehicle. These requirements must all be traded to determine the most
effective, mass-efficient shield design.
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0.216-in. 2219-T87 Single-Plate; and
0.050-in. 2219-T87 Bumper, 4-in. Standoff,
0.150-in. 2219-T87 Rear-Wall
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Figure 11. Ballistic limit curves for the double-plate and increased
thickness single-plate configurations.

3.4.3 Smart Mass Distribution

Different spacecraft components are vulnerable to the M/OD environment in varying degrees.
Rather than try to cover an entire spacecraft in the same shield design, the clever designer will examine
individual components and design separate shields to meet the needs of each component. In this way, the
allotted mass for shielding can be used only for those most vulnerable items. Some may require only a
single-plate shield while others, such as high-pressure fuel bottles, may require multiplate shielding.
Remember to combine all the components’ probabilities of penetration to quantify the overall
spacecraft vulnerability to projectile impact. The individual components’ probabilities of penetration are
just that—individual.

26



4. RECOMMENDATIONS/CONCLUSIONS

It is very difficult to choose the “right” ballistic limit prediction equation to use for all cases. The
shield analyst/designer must choose the equation most applicable to his/her specific design, by compar-
ing HVI test results of the design to the results predicted by the equations. Even though most of these
double-plate penetration equations are empirically developed with various materials and configurations,
there can be no confidence in the shield design produced by these equations without verification by
tests. The shields designed with these equations should be tested with the actual configurations and
materials, at realistic velocities with appropriate projectile materials, to prove the design will act as
predicted when impacted by a meteoroid or orbital debris particle. Only then can the design be declared
acceptable for operations in LEO.

Only one penetration equation: i.e., the new Cour-Palais equation, was studied in this report for
the low-velocity range. Others do exist, and are actively used in defense-related work; however, there
are very few expected M/OD impacts in this velocity range. If predictions are needed for the low-velocity
range. the single-plate penetration equations could be used instead of the double-plate penetration
equations since the double-plate structure behaves very much like a single-plate structure in this range.

Two penetration equations; i.e., the new Cour-Palais and Lundeberg-Stern-Bristow equations,
were studied for the intermediate-velocity range.

Four penetration equations and three modifications of these were studied for the high-velocity
range. They predict a wide range of projectile diameters in this range, where the impact velocities of
most of the meteoroid and orbital debris particles are expected to occur in LEO. Selection of the appro-
priate equation is most difficult for this range, due to the scarcity of directly applicable test data. Hydrocodes
and inhibited shaped charge tests are often used as sources of checking for accuracy of the predictors in
the high-velocity range. For the Space Station shield design, the most applicable equation in this range
was found to be the modified Wilkinson equation.

When designing M/OD shields, simplicity of design is often preferred. Increased benefits of
double-plate shields must be carefully considered with the increased spacing and support structure
required and the increased design complexity. The designer can be resourceful in distributing different
shield designs, both single-plate and multiplate designs. over individual spacecraft components, maxi-
mizing shield effectiveness while minimizing mass. Often the final shield design decision becomes one
of how “safe” the project manager wants his/her vehicle to be, given a maximum allowable shield mass.
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